Stem cells provide a biological model in which cellular processes and biochemical activities can be observed at the undifferentiated stage (1) or they can be induced to differentiate into specialized cells based on the activation of various signaling pathways. Of particular interest is the nucleus of stem cells where the control of transcription and chromatin structure is known to be different (2) (3) (4) .
Comparison of the cells in these two states provides unique opportunities for understanding regulative processes such as embryonic development, tissue homeostasis, tissue regeneration, and cancer development. Relative concentration of the naturally fluorescent metabolic coenzymes nicotinamide adenine dinucleotide (NADH), nicotinamide adenine dinucleotide phosphate (NAD(P)H), and flavin adenine dinucleotide (FAD), when bound to proteins or free, can be assessed by fluorescence lifetime image microscopy (FLIM) (5) . Concentrations of NAD(P)H in the cell are significantly reduced, leading to NADH's fluorescence predominating that of NAD(P)H (6). We found that this relative concentration of free and bound NADH is substantially different in the nucleus of stem cells compared to cells entering early stages of differentiation.
The development of the phasor plot has eased the analysis of FLIM data by enabling straightforward interpretation of lifetime differences at the pixel level (5,7). Here we use the phasor approach to FLIM to observe NADH in both free and bound forms in live undifferentiated myoblast cells and cells induced to undergo the early stages of differentiation through serum starvation.
NADH bound within mitochondria and other substrates in the cell can be directly used as an indicator of cellular respiration (8) , as only the reduced form (NADH) emits visible fluorescence (9, 10) . Spectral differences between free and bound NADH are minor (6), although new sensitive methods of data analysis can reveal these small differences (11) . Instead, there is a substantial change in lifetime between the free and bound forms (3.2 vs. 0.4 ns) (12) . The fluorescence lifetime is independent of concentration but the relative amount of bound and free NADH in a given pixel can be obtained using the linear property of the phasor representation (5) . Exploiting this principle, we determine the relative amount of free and bound NADH by marking in the phasor plot the position of the minimum and maximum phasor value along the line joining the phasor of free and bound NADH (obtained from reference cuvette samples) found in our samples (Fig. 1 ). We constructed a linear scale of relative concentrations (intensity fraction and molar fraction, which accounts for the different quantum yield of the two species) and compared cells in different states of differentiation ( Fig. 1) .
Images of NADH autofluorescence in L6 rat myoblast cells entering the early stages of differentiation and undifferentiated cells show clustering of NADH within the cytoplasm (Fig. 2, A and B) . To selectively excite NADH, we use two-photon excitation at 740 nm. The contribution of FAD was estimated to be~10% using a cut of filter at 500 nm. Fluorescence intensity, however, does not provide information about the free and bound form of NADH, or the presence of either forms of NADH within the nucleus.
The FLIM images of undifferentiated L6 myoblast cell (Fig. 2, C and D) identify the cellular distribution of the bound and free forms of NADH according to the colorcode of Fig. 1 . This pictorial representation shows clear difference between the relative amount of bound and free forms of NADH in the cytoplasm and in the nucleus of undifferentiated cells. The phasor histogram (Fig. 2 , E and F) shows a bimodal distribution, indicating that the difference between cytoplasm and nucleus can be resolved.
The FLIM analysis shows that the NADH bound/free ratio in cells entering the early stages of differentiation is similar in the cytoplasm and the nucleus, although some differences remain. The main component of the phasor histogram is coincident with the component found in the cytoplasm of the undifferentiated myoblasts. The histogram is slightly asymmetric and there is a minor component of relatively free NADH in the nucleus. Fig. 2 shows a larger component of relatively free NADH (blue) within the nuclei of the undifferentiated cells. Also within the nuclear regions (Fig. 2, C and D) , there is heterogeneity of the distribution of bound and free NADH that may represent the location of chromatin. Throughout the cytoplasm, there is presence of bound NADH component (red), which is indicative of cellular respiration in the mitochondria.
FLIM image z-stacks were acquired for the cells shown in Fig. 2 (data not shown) . The bimodal distribution of free and bound NADH was shown to be exclusively associated with the nucleus of undifferentiated cells. Instead, the cytoplasmic component was found to have similar phasor histograms everywhere. A total of N ¼ 87 cells were measured for both undifferentiated and those entering the early stages of differentiation (Fig. 3) . The bimodal phasor histogram was found for all undifferentiated cells, whereas the cells entering the early stages of differentiation showed a consistent smaller difference between the nucleus and the cytoplasm.
Previous studies on NADH and its relationship with metabolic processes have been presented, each posing different questions and using different methods, most of which involved in vitro biochemical analyses. FLIM provides a promising in vivo technique in which the two forms (free and bound NADH) can be distinguished based on their lifetimes, where the autofluorescence properties of the cofactor NADH may be used as a metabolic marker for cells undergoing differentiation (5) .
Conventional methods for FLIM analysis require fitting of data to exponentials, making the analysis of data more difficult especially when more than one lifetime is present (5). The phasor approach to FLIM is an in vivo fit-free method that provides an unbiased representation of the raw FLIM data and requires no previous knowledge of the biological system (5). Stringari et al. (5) used this method to monitor stem cell metabolism and to discriminate different states of stem cells as they differentiated within tissues (5) .
Through mapping the lifetime distribution of the autofluorescent bound and free NADH, within undifferentiated and early differentiated cells, a metabolic fingerprint of the myoblast cells is produced observing the changes in NADH bound/free distribution in early differentiated cells. The cytoplasmic region displayed longer lifetimes indicative of NADH being bound within the mitochondria and to other substrates. For the nucleus, on the other hand, there were distinctly shorter lifetimes indicating the presence of free NADH, which represents the reduced nuclear activity of the cell. In comparison, in cells induced to the early stages of differentiation through serum starvation, there is a consistent change in the phasor distributions of NADH (Fig. 3) . This change within the nucleus is indicative of more bound NADH due to the increase in nuclear activity expected in differentiating cells.
MATERIALS AND METHODS
Undifferentiated L6 myoblast cells were brought up from cryopreservation two days before measurement in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and PEN/STREP and maintained at 37 C in a 5% CO 2 humidified incubator. The myoblasts were plated one day before measurement on pre-prepared 35-mm culture dishes (MatTek, Ashland, MA) precoated with fibronectin (3 mg) and left overnight to adhere. Serum-starved cells were induced to early stages differentiation 3 h before experimental procedures through starvation of the cells with Dulbecco's modified Eagle's medium lacking fetal bovine serum.
A LSM 710 confocal microscope (Carl Zeiss, Jena, Germany) was used for the acquisition of all FLIM data. The microscope was coupled to a titanium:sapphire Mai Tai laser (Spectra-Physics, Mountain View, CA) and an A320 FastFLIM FLIMbox (ISS, Champaign, IL). For all FLIM acquisitions, a C-Apochromat 40Â/1.20 W Korr M27 objective was used. The scan speed was set to 25.21 ms/pixel with an excitation wavelength of 740 nm (9% laser power). Fluorescence was detected in a bandwidth of 416-690 nm. A fluorescein solution (30 nM) in 0.1 M NaOH was used for lifetime calibration.
In the phasor approach to FLIM (6), the sine and cosine transformations of the decay curve at each pixel are used to determine the G and S coordinates of a phasor, as defined by where i and j represent pixels. The value u ¼ 2pf, where f is the repetition rate of the laser (80 MHz). The coordinate g represents the x axis while the coordinate s represents the y axis.
